Abstract. We investigated the mechanisms of thermosensitization related to combination therapy with sesquiterpene lactone parthenolide (PTL), a nuclear factor-κB (NF-κB) inhibitor, and hyperthermia using human lung adenocarcinoma cells A549. The kinetics of apoptosis induction and cell cycle of cells treated with PTL, heating, and combined treatment were examined by flow cytometric analysis. The flow cytometric distribution was calculated and expressed as a percentage. The ratios of the sub-G 1 division, used to determine the induction of apoptosis, increased significantly with the combination therapy. Furthermore, the ratios of G 2 /M division increased and the ratios of G 0 /G 1 division decreased, indicating cell cycle arrest in G 2 /M. The cell phase response to PTL by A549 cells synchronized in the G 1 /S border with hydroxyurea was also analyzed. PTL showed remarkable cytotoxicity at the S phase of the cell cycle in A549 cells at all concentrations as well as with hyperthermia, thus PTL reduced the number of cells in the proliferation phase. Inhibition of intracellular transcription factor NF-κB activation in A549 cells with various incubation periods after treatments with PTL, heating and combined treatment was examined by Western blot analysis. Unexpectedly, PTL alone did not inhibit NF-κB activation in cells stimulated with TNF-·, while heating alone inhibited NF-κB early after treatment and that effect faded over time. In contrast, PTL combined with heating completely inhibited NF-κB activation. Our results demonstrated that PTL and heating in combination cause significant thermosensitization of A549 cells via induction of apoptosis or cell cycle arrest in G 2 /M by inhibiting NF-κB activation in a synergistic manner.
Introduction
Parthenolide (PTL), a sesquiterpene lactone isolated from feverfew (Tanacetum parthenium) by extraction from its leaves and stems, is the principal ingredient of the medicinal herb Magnolia grandiflora L (1) and has also been reported to have antitumor activity (2) (3) (4) . We previously found that combination therapy with PTL and heating at 40, 42 or 44˚C showed synergistic thermosensitization effects on human lung adenocarcinoma A549 cells with wtp53, which resulted in p53-and hsp72-independent apoptosis induction via the nuclear factor-κB (NF-κB) signal pathway (5) . We continued to investigate this issue by investigating the cell phase response to PTL by cells synchronized with hydroxyurea (HU), and cell cycle distribution by flow cytometric analysis, and we also assessed the inhibition of NF-κB activation in regard to the mechanisms of thermosensitization by combined treatment with PTL and hyperthermia using human lung adenocarcinoma A549 cells.
In our previous report of Murine L cell survival, treatment with bleomycin prior to low hyperthermia showed appreciable thermal enhancement effects, which were caused by a blockade of the repair of sublethal damage, while it was also clarified that bleomycin did not elicit cell phase responses in the cell cycle (6) . Thereafter in a study of A549 cell sensitivity, amrubicin or its active metabolite amrubicinol, both topoisomerase II inhibitors, in combination with hyperthermia showed significant thermosensitization, whereas cell phase Inhibition of NF-κ κB by combination therapy with parthenolide and hyperthermia and kinetics of apoptosis induction and cell cycle arrest in human lung adenocarcinoma cells responses to those agents when administered separately showed no changes in the cell cycle (7) . It is well known that the cell phase response of cells to hyperthermia has high sensitivity in the S phase of the cell cycle (8, 9) , while X-ray irradiation causes sensitivity in the G 2 /M phase in a manner that is opposite to hyperthermia, which is similar to a mirror image in regard to the curves on a graph (10, 11) . With respect to the cell cycle, it is understandable that combination treatments of hyperthermia (high sensitivity in the S phase) with radiation (high sensitivity in the G 2 /M phase), or another agent, exhibit cell phase response, such as that seen with radiation, and produce appreciable antitumor effects because when the two agents are given, each survival curve causes mirror-image cell phase responses (12) (13) (14) . In the present study, we examined the cell phase responses of A549 cells synchronized into G 1 /S phase with HU to PTL at various concentrations (0.02, 0.2, and 2.0 μM). A previous study reported that the cytostatic effects of low concentrations of PTL inhibit the growth of tumor lines by labeling the S-phase of BrdU cells, a mouse fibrosarcoma cell line, though the results were unclear (15). Ralstin et al found that PTL functions in cooperation with NS398 to inhibit the growth of human hepatocellular carcinoma cells by effects on apoptosis and G 0 /G 1 cell cycle arrest (16) . In the present study, we investigated the kinetics of apoptosis induction and cell cycle distribution after 0, 6, 12, and 24 h of incubation with PTL, treatment with hyperthermia and combination treatment using flow cytometric analysis.
NF-κB is a dimeric transcription factor that activates the expression of many genes involved in the inflammatory process. In unstimulated cells, NF-κB is retained in the cytoplasm via interaction with its inhibitor IκB (17) . In response to various pro-inflammatory stimuli, IκB is rapidly phosphorylated by the IκB kinase complex. This leads to the ubiquitination and subsequent proteasome-mediated degradation of IκB, allowing NF-κB to enter the nucleus (18) . The NF-κB p65 subunit at Ser-536 in the C-terminal transactivation domain is also phosphorylated by the IKK complex during the process of IκB degradation (19) . A number of reports have noted that PTL suppresses growth of tumor cells by inhibiting the activation of NF-κB. Patel et al reported that the transcription factor NF-κB regulates genes that are important for tumor invasion, metastasis, and chemoresistance, and that PTL mimicked the effects of IκB by inhibiting NF-κB DNA binding activity (20) . In addition, various studies of PTL have shown cross-talk of dependent and independent genes via the NF-κB signal pathway. Antitumor activity of PTL is due to its ability to inhibit DNA binding of NF-κB and STAT-3, a reactive oxygen species (21). Walmsley et al reported that hypoxiainduced neutrophil survival is mediated by HIF-1·-dependent NF-κB activity and that the inhibition of NF-κB by PTL resulted in the abrogation of hypoxic survival (22) . Furthermore, Sweeney et al showed that PTL has the ability to inhibit DNA binding of NF-κB, an anti-apoptotic transcription factor, and activation of JNK, and that it was effective in reducing the expression of the pro-metastatic gene IL-8 and the antiapoptotic gene GADD45ß1 (23) . In addition, studies of hyperthermia regarding cross-talk of NF-κB have also been reported. It was reported that activation of NF-κB was delayed in the presence of hyperthermia, whereas IκB· was stabilized in the cytoplasm (24) , while another report showed that hyperthermia inhibited the TNF-·-induced an increase in binding activity of NF-κB to DNA (25) . It was also reported that hyperthermia induced NF-κB-or TNF-·-mediated apoptosis in normal human gastric cancer cells and human monocytes (25, 26) . Furthermore, short-term hyperthermia prevented activation of pro-inflammatory genes in fibroblast-like synoviocytes by blocking the activation of NF-κB (27) . In the present study, we investigated whether thermosensitization by a combination of PTL and hyperthermia was due to apoptosis induction or cell cycle arrest caused by effective inhibiting of NF-κB activation.
Materials and methods
Cells and culture medium. A549 cells from a human nonsmall-cell lung adenocarcinoma cell line were cultured in Eagle's minimum essential medium (Nissui Pharmaceutical, Tokyo, Japan) containing NCTC-135 (Gibco Laboratories, Grand Island, NY), lactalbumin hydrolysate solution (Difco Laboratories, Detroit, MI) and 15% newborn calf serum (Gibco) (hereinafter referred to as MLN-15) under conventional conditions at 37˚C in a humidified incubator with 5% CO 2 in 95% air (28, 29) .
PTL, hyperthermia, and combined treatment. Sesquiterpene lactone parthenolide (PTL) (MP Biomedicals LLC, OH, USA) was dissolved in culture medium (MLN-15) to an appropriate final concentration (0.02, 0.2, and 2.0 μM) prior to being used for treatment as PTL solution. Cells adhered to the inner side of the bottom of the flasks and were exposed to PTL by replacement with 6 ml of PTL solution for various time periods. Then the PTL solution was chased, and adhered cells were gently rinsed twice with culture medium containing 3% serum and re-fed to 6 ml of MLN-15 at 37˚C. Hyperthermia was performed by immersing culture flasks equipped with tightened screw tops in a temperature-regulated water bath (Model EPS-47, Tokyo Seisakusho Co., Tokyo, Japan) preset at 42 or 44˚C, with the temperature maintained within ±0.05˚C as measured with a thermistor (Model D116-1251, Takara Thermistor Instruments Co., Yokohama, Japan). For the combined treatment, applications of PTL and heating were carried out sequentially, during which the cells were exposed to PTL for 4 h, then rinsed twice with culture medium containing 3% serum, placed in MLN-15, and subjected to hyperthermia.
Cell phase responses. Kinetic assessments of cell phase responses to PTL by A549 cells were carried out using colony forming assays. A549 cells were treated with 4 mM HU (Sigma Chemical, St. Louis, MO, USA) (30,31) for 5 h to synchronize them at the G 1 -S border, which was followed by treatment with PTL for 4 h after an interval incubation of 0-12 h. The treated flasks were incubated in a stationary manner at 37˚C for ~10 days to determine visible colony formation. The results were corrected based on the plating efficiency of control cells (i.e. 80-90%). The average of colony multiplicity was <1.1.
Analysis of apoptosis and cell cycle distribution.
Quantifications of the sub-G 1 fraction for the induction of apoptosis, and the G 0 /G 1 and G 2 /M fractions for cell cycle arrest at 0, 6, 12, and 24 h of incubation at 37˚C after treatment with 0.2 μM of PTL for 4 h, 44˚C hyperthermia for 30 min, and those in combination were analyzed by flow cytometry. Following treatment, cells were harvested by trypsinization, resuspended in culture medium, rinsed twice with ice-cold PBS(-), and fixed in icecold ethanol at the rate of 7 after PBS(-) was added at the rate of 3. Then they were stored at 4˚C for at least 24 h. Next, the cells were collected by centrifugation, rinsed twice with icecold PBS(-), and treated with 1 mg/ml of RNase A (Type II-A, Sigma-Aldrich Corp.) at room temperature for 30 min. Cells were then stained with 100 μg/ml of propidium iodide (Sigma-Aldrich Corp.) for at least 30 min on ice in the dark. The cell cycle distribution of the cells was analyzed using a flow cytometer (Beckman Coulter, Inc., Fullerton, CA). Immediately before analysis, cell suspensions were filtered through a 40-μm diameter nylon mesh to remove the cell aggregate and debris. Ten thousand events per determination were analyzed for each sample, and quantification of the cell cycle distribution was performed using software provided by the manufacturer.
Analysis of NF-κB activation.
The effects of inhibition of intracellular NF-κB activation after application of PTL, heating and combined treatment on A549 cells (1x10 6 ) were examined by Western blotting. To investigate the phosphorylation of NF-κB p65, cells were stimulated with TNF-· (Genzyme Techne, Boston, MA) at 20 ng/ml for 5 min immediately following incubation at 37˚C for various periods after treatment, while the control was not stimulated with TNF-· (32). Cells were harvested by trypsinization and resuspended in MLN-15. After rinsing with ice-cold PBS(-) twice, they were solubilized in RIPA lysis buffer, then treated by freezing at -20˚C and thawing on ice 3 times. Cell lysates were centrifuged at 14,000 rpm at 4˚C for 10 min to remove cell debris. Next, supernatants were diluted by half with SDS-PAGE and subjected to a block incubator at 95˚C for 3 min after stirring with a vortex and transformed. The protein content of the supernatants was quantified using a protein assay kit (BioRad Laboratories, Richmond, CA). Aliquots of protein (10 μg) were subjected to Western blotting for NF-κB. After electrophoresis on 10% polyacrylamide gels containing 0.1% solution dodecyl sulfate (SDS) and electrophoretic transfer to Immobilon-P PVDF-membranes (Millipore Corp., Medford, MA), membranes were incubated with phospho-p65 (Ser536) (Cell Signaling Technology Inc., Boston, MA, USA), p65 (C20-G) and PCNA (PC-10) (Santa Cruz Biotechnologies, CA, USA) antibodies, as a loading control (33) . The antibodies were detected using a horseradish peroxidase-conjugated antirabbit antibody.
Results
Cell phase responses to PTL. A549 cells were synchronized into the G 1 -S border by treatment with 4 mM HU for 5 h and then incubated for various periods of time, after which they were exposed to PTL at 37˚C for 4 h in order to analyze the cell phase responses, as shown in Fig. 1 . As a control, A549 cells were synchronized under equal conditions and incubated for various periods of time, then treated with 4 mM HU for 2 h (data not shown). Cell survival was plotted in order to compare results with the standard cell cycle phase. After a specified interval, synchronized A549 cells were treated with 3 concentrations (0.02, 0.2, or 2.0 μM) of PTL for 4 h. Assessments of survival curves were primarily sensitive in the S-phase as well as heating at all concentrations.
Analysis of apoptosis and cell cycle distribution. In order to evaluate induced apoptosis and cell cycle distribution at various periods after treatment with PTL, heating, and combined treatment, we used a flow cytometric method. A representative histogram of population distribution in regard to cell cycle status based on DNA content as measured by PI is shown in Fig. 2 . The sub-G 1 divisions indicated the distribution of apoptotic cells, which was represented as percentage of the coefficient of variation (CV) value (Table I ). Fig. 3 shows induction of apoptosis after treatment with PTL, heating, and combined treatment on a graph using the ratios presented in Table I . PTL-induced apoptosis, which was calculated based on the percentage of cells located in the landing corresponding to the sub-G 1 phase, was 3.3±0.62% after treatment. Heatinduced apoptosis was significantly lower than that induced by PTL (2.23±0.38%). Apoptosis was remarkably increased to 4.8±0.9% following combined treatment. The G 2 /M phase distribution showed a significant increase following treatment with PTL (16.4±3.0%), heating (18.6±7.8%), and combined treatment (34.1±2.2%) in comparison with the control (9.9%) (Fig. 4) . In contrast, G 0 /G 1 phase distribution was decreased by treatment with PTL, heating, and combined treatment to 51.9±3.9%, 52.85±5.8%, and 36.1±4.6%, respectively, as compared to the control (69.2%) (Fig. 5) . These results indicate that PTL and heating, and notably in combination induced cell cycle arrest in the G 2 /M phase. Table I . Distribution of cell population in the phase of cell cycle after treatments.
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Western blot analysis of NF-κB activation with PTL and
heating. The inhibition of intracellular NF-κB activation in A549 cells treated with PTL, heating, and combined treatment were investigated by Western blotting, as shown in Fig. 6 . The lanes on the right side of the figure show results of cells stimulated with TNF-· after treatment with PTL, heating at 42˚C, and combined treatment, which were performed to activate intracellular p65. The left side shows results of cells after those treatments that were not exposed to TNF-·, to demonstrate the contrast in elicitation of NF-κB activation. Phosphorylation of p65 was not inhibited by PTL alone, whereas it was inhibited immediately after treatment with heating alone. Incubation for 12 h after heating recovered the TNF-·-induced NF-κB activation partially. However, treatment with PTL blocked this recovery from heating. Thus, inactivation of NF-κB was prolonged by the combination of PTL and heating.
Discussion
Plant extracts that contain sesquiterpenes, including PTL are frequently used to treat such conditions as migraine headaches and inflammation (34) (35) (36) , while hyperthermia as cancer therapy is usually performed in some combination with another treatment modality, such as radio-or chemotherapy. Reports of experiments that utilized a combination of PTL and radiation are few (37, 38) , while results of hyperthermia have only been presented in in vitro experiments (5). In addition, there is only a single report of PTL used for clinical cancer therapy in a phase I dose escalation trial (39) . Therefore, we think that additional experimental evidence is important before clinical application. We previously demonstrated that thermotherapy, using a combined treatment of PTL (0.02 μM) prior to hyperthermia at 40, 42, or 44˚C, had synergistic thermo-enhancement effects toward the A549 human lung adenocarcinoma cell line, and concluded that the effects of thermosensitization by PTL were due to p53-and hsp72-independent apoptosis induction via the NF-κB signal pathway (5).
Cell phase responses to PTL. In order to clarify the mechanisms of thermal enhancement by PTL, we examined the cell phase responses of A549 cells to PTL doses of 0.02, 0.2 and 2.0 μg/ml by determining survival curves for cell phase progression, as shown in Fig. 1 . A549 cells were synchronized by HU into the G 1 -S border, then treated with PTL for 4 h after an interval incubation time of 0-12 h. Cell phase responses to PTL by the A549 cells were highly sensitive during the S phase at all concentrations as well as with heating (8) . Other studies have been conducted to determine the target of hyperthermia, though no conclusive evidence has been presented. We previously reported that bleomycin (BLM), which inhibits DNA synthesis, as well as amrubicin (AMR) and amrubicinol (AMROH), which inhibit topoisomerase II activity, were cell cycle nonspecific regardless of concentration (6, 7) . Therefore, more effective synergistic effects may be obtainable by combining hyperthermia with the target drug to obtain a cell phase similar to that caused by irradiation in order to enhance and improve antitumor effects. The reason why agents such as AMR, AMROH, and BLM cause no cell phase responses may be due to the fact that they target different types of DNA damage (40) (41) (42) . As for the mechanisms of those agents, it has been reported that BLM predominantly co-localizes with 3 proteins that bind directly to BLM, telomerase-associated protein 1, heat shock protein 90, and topoisomerase II ·, in foci actively synthesizing DNA during the late S and G 2 /M phases of the cell cycle in L cells (43) , while AMR and AMROH inhibit cell growth prior to DNA-protein complex formation followed by double-strand DNA breaks, which are mediated by topoisomerase II (44) . Heat induced apoptosis was also significantly increased by combinations of those agents.
Assessment of sub-G 1 fraction with flow cytometric distribution.
In the present study, the sub-G 1 fraction of cell cycle distribution was used to indicate the induction of apoptosis, which was examined by flow cytometric analysis. Our results showed that PTL had a stronger effect than heating, while those in combination had the greatest effect. That is, blocking the progress to DNA synthesis (Fig. 2) . In a previous report regarding the mechanisms of PTL on cancer cell differentiation and apoptosis, PTL treatment presented a novel strategy for chemotherapy, as it inhibited DNA methyltransferase 1 possibly through alkylation of the proximal thiolate of Cys (1226) of the catalytic domain by Á-methylene lactone (45) .
Assessments of G 2 /M and G 0 /G 1 fractions with flow cytometric distribution. The DNA content of the G 2 /M fraction in flow cytometric distribution indicates cell cycle arrest. The rate of DNA content in the G 2 /M fraction of cells treated with a combination of PTL and heating was markedly high in comparison to cells with separate administrations, whereas that in the G 0 /G 1 fraction was low (Fig. 3) . PTL may also be effective in combination with COX-2 inhibitors for the treatment of hepatocellular carcinoma, for example, combination treatment with PTL and NS398 altered the cell cycle distribution resulting in greater G 0 /G 1 accumulation, which increased apoptosis only in PLC cells, 1 of 3 human hepatocellular carcinoma lines, which may decrease the apoptotic threshold in cells (16) . As for the cell cycle distribution of HL-60 and Jurkat cells with inactive NF-κB, it was demonstrated that PTL induced transient cell arrest in the G 2 and M phases followed by apoptosis (46) . Transcriptional regulation of cyclin as a cell cycle checkpoint to control cell growth and differentiation was reported to be conducted via NF-κB (47) .
Inhibition of NF-κB by combination of PTL and hyperthermia.
It is known that transcription factor NF-κB is activated by various stimuli along with TNF-·, such as inflammation related cytokines, UV irradiation, and oxidative stress, while NF-κB regulates the induction of many genes that participate in immune and inflammation reactions (48) (49) (50) . NF-κB p65 forms a DNAbinding complex with NF-κB p50, while the binding of this complex can be specifically inhibited by IκB (51) . When tumor intracellular NF-κB activation is inhibited by some agent, cell proliferation or tolerance is suppressed and anticancer effects increase. When IκB· is binding to the NF-κB complex in a steady state it is also stimulated by TNF-·, its serine residue is phosphorylated and ubiquitination and proteasomal degradation are facilitated (52) . In this study, we examined whether PTL, heating, or combined treatment effectively inhibit the phosphorylation of TNF-·-induced NF-κB using A549 cells (Fig. 6) . PTL alone did not inhibit the phosphorylation of NF-κB, which was an unexpected finding, and heating alone inhibited that immediately after treatment, though the effects decreased for many hours. In contrast, those treatments in combination continuously inhibited NF-κB activation. It has been suggested that NF-κB activity is delayed in the presence of hyperthermia, which is caused by hsp70 expression (24) . In our previous study, though hsp72 was induced by heating at 44˚C for 15 min, it was not induced by PTL (5) . There is another report that PTL caused rapid apoptosis without suppression of NF-κB activity in glioblastoma cells (53) . We believe the reason why hyperthermia decreased the inhibition of NF-κB phosphorylation over time was because heating delays NF-κB activity, which may be due to heat-induced hsp72.
In conclusion, we demonstrated that sequential combination therapy with PTL and hyperthermia caused a significant anticancer effect in A549 cells by targeting cells in the S-phase.
The mechanisms were due to the induction of NF-κB-dependent or independent apoptosis and G 2 /M cell cycle arrest. Furthermore, combination therapy blocked the revival of NF-κB activation by heat-induced hsp72. Based on these results, it is considered that PTL contributes to the thermosensitization via another pathway on NF-κB signaling or by cross-talk with another mediated gene, but the interrelations are unclear.
